Last decades witness an increasing interest in Large-Scale/Large-Volume Dimensional Metrology (LSDM). Many fields of application, ranging from construction to shipbuilding and aerospace, have shown more and more accurate and versatile systems for geometric control and tolerancing. Especially in the last ten years, optical technology has registered a fundamental step forward both in terms of metrological performances, versatility and convenience of use. This is further demonstrated by the current large diffusion of laser tracker and photogrammetric systems. The growth is also complemented by the development of new standards, even though a comprehensive body specific for LSDM is still lacking. The twofold aim of the present survey is to present a bibliographical and bibliometric analysis of the field and to propose a scheme of classification of the main current approaches. As an output of this paper, a "LSDM Multi-perspective Model" is introduced, according to which dominant technologies and restrictions are analyzed with the aim of individuating current lacks and defining the roadmap for future development of new instruments and systems.
Introduction and Literature Review
In the field of dimensional metrology a role of particular relevance is played by the so called Large-Scale/Large-Volume Dimensional Metrology (LSDM), which, reminding Puttock's definition (1978) , 1 is commonly defined as that branch of metrology dealing with "objects with linear dimensions ranging from tents to hundreds of meters". Last decades has shown a great deal of applications of LSDM, involving different arenas of technology, ranging from civil and industrial architecture to aerospace engineering. [1] [2] [3] [4] [5] [6] [7] [8] [9] Typical applications refer to the measurement of large machines and structures, such as for example in the aeronautic and shipbuilder industry, but also in the field of topographical and architectural surveying. 10-24 A branch of application, which is often neglected by the scientific literature when referring to LSDM, concerns the tracking of objects in movement in large spaces, such as for examples warehouses or industrial plants, or even over the territory. 25-27 Systems like GPS (Global Positioning System) are rarely considered in the field LSDM although they are actually employed in many kind of measurement of large-scale structures specially in shipyard for shipbuilding industry and industrial ports, as well as for topographic and architectonic surveying. 15,28-32 Currently, we can say that there is an overlapping between the areas of traditional tracking systems, for example GPS, and systems commonly used for LSDM application. In fact, just as GPS can be used for dimensional measurement, many typical LSDM systems are used for indoor tracking.
25-27,33
Referring to industrial engineering, it must be highlighted that the most typical applications of LSDM systems concern the assembly/ disassembly phase and/or in-situ dimensional tolerancing of large volume objects. Many examples reported in the scientific literature confirm this tendency. [18] [19] [20] [21] [34] [35] [36] [37] [38] [39] [40] [41] Other typical applications are for reverse engineering and tracking of automated arms or moving robots.
25-27,42
The current evolution towards intelligent and automated systems is more and more making possible the complete integration of them in the modern automated production systems. In particular, the last thirty/ forty years have seen the changeover from the so called "classical method", such as for example tapes and wires, to modern optical systems, which allow fast and precise acquisition even in particular conditions of length and distance from the measured object.
1-9 The current trend is towards multi-sensor systems, able to integrate together devices of different nature and distributed inside the working volume. 9,43-50 Overall, the main objective of LSDM is to obtain measurement systems easy to install, possibly in the same place in DOI: 10.1007/s12541-014-0527-2 which the object is constructed or utilized, characterized by a short acquisition time, accurate, able to perform contactless measurement also at a considerable distance from the measured object, in different working conditions and as cheaper as possible. Some commercial or prototypal systems have been realized with these objectives, at the current state of the art it is worth citing in particular photogrammetric systems and laser radars, which, apart from the economical aspect, are heading towards this direction with interesting results.
6-8,51-65
The industrial interest towards LSDM systems is also attested by the considerable number of patents registered starting from the Eighties, especially referring to laser interferometry, and in particular to lasertrackers and laser-radars, and to photogrammetry. 8, 66, 67 The scientific literature shows a great interest about LSDM systems and their applications, but with different aims, varying from the simple description of innovative optical, ultrasound, hybrid and traditional systems to the procedure for their characterization and for uncertainty assessment.
1-9
The aim of the survey presented in this paper is to give an inside view of the field, starting from a comprehensive review and analysis of the current literature and body of patents, and then focusing on the classification of the most studied and diffused systems. The goal is to highlight the dominant and emerging technologies in order to provide a snapshot of the state of the art and give a vision of the future trends.
One of the main outputs of the research is the introduction of a "LSDM Multi-perspective Model" able to individuate current lacks and defining the roadmap for future development of new instruments and systems, as well as providing an operative tool for making comparisons between current technologies and individuating their advantages and disadvantages.
The work is organized on a set of taxonomies aimed at classifying the existing and the possible future systems from different points of view ranging from the physical working principles to the measured object characteristics and to the use restrictions.
The remaining of this paper is organized as follows: Section 2 presents the state of the art and the evolution over the years of LSDM. Section 3 briefly describes the approach inspiring the here proposed taxonomy and discusses the results obtained from the analysis of the current scientific literature and patents. Section 4 focuses on the perspectives and the criteria of classification. It also provides some examples of the most diffused LSDM technologies. Section 5 sums up the considerations arisen from the research and tries to give an outlook of the future trends.
State of the Art and LSDM Evolution

The so called "classical instruments"
In the early Sixties, LSDM was referring essentially to length and angle and the techniques involved were originating from geographical surveying instruments and methods.
Until then, the most employed instruments were tapes, wires, sticks, optical alignment systems and theodolites, but just in the second half of the Nineteenth century the first instruments based on laser interferometry started to see their massive employment, first for dealing with alignment issues, then for range and length measurements. 
The rise of a new generation of measuring systems: the laser trackers
A significant turning point occurred at the beginning of 1980s when Lau and Hocken proposed the laser tracker. 8, 68 This gave rise to a new generation of measuring systems which is still extensively used for large-scale industrial and scientific metrology. Current laser trackers, based on the combined use of built-in Absolute Distance Meters (ADM) and Relative-Displacement-Measuring Interferometer (IFM), differentiate from the original ones, which permitted only the measurement of a displacement from a datum position since they were just equipped by an IFM. This makes more practical and easier the use of laser trackers because the ADM permits the resetting of the measuring system without having to return the retro-reflector to the datum position. The introduction of the most recent versions of laser trackers, only based on ADM technology, has improved significantly the acquisition speed, giving almost real-time distance measurement performance, even though assuring high levels of accuracy (typically 10±0.4 µm/m). [69] [70] [71] [72] A further improvement of laser trackers has been obtained in the last years with the introduction of specific 6DOF probes able to return the exact position of the touched point or (depending on the characteristics of the specific probe) a local scansion of the portion of the measured surface.
69,70
Traditional CMMs
Traditional gantry and horizontal-arm CMMs are still largely employed systems for LSDM applications.
72-75 Nevertheless, even if they assure a very high level of accuracy and the advantage of providing the coordinate measurement of (potentially) all the sides of the measured object, their use is strongly limited by two restrictions, which often represent inevitable exclusion elements for their employment in many operative contexts: (i) the first one is the impossibility of moving the CMM to the measurement object, hence no in-situ measurement can be performed and the measured object must always be transported to the CMM laboratory; (ii) the second one is related to its monolithic structure in which the probe is always joined to the main frame through a specific arm, this prevents the free movement of the probe inside the measurement volume without colliding with the measured object.
Laser radars
Coherent Laser Radars (CLR) are the immediate alternative to laser trackers, they allow fast and accurate measurement of surfaces without needing collaborative markers.
70,72 CLR technology is based on the principle of Frequency-Moduled Continuous-Wave (FMCW), which permits to obtain absolute distance measurements without the use of specific cooperative markers, analysing the coherent interference of an opportunely shaped InfraRed (IR) signal and the corresponding reflected signal from the target surface. 51, 62 Although this technology does not ensure the same level of accuracy of laser trackers, it presents remarkable advantages in terms of data density, even over large surfaces, and the ability to measure non-cooperative markers and featureless surfaces.
